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In  this  study  A-site  deficient  lanthanum  doped  strontium  titanate,  which  is  considered  as  a  promis¬ 
ing,  redox-stable  candidate  for  full  ceramic  anodes  in  Solid  Oxide  Fuel  Cells  (SOFCs),  was  produced 
by  nanoparticle-based  spray  pyrolysis.  In  this  process  cost-effective  nitrate  salts  and  titania  nanopar¬ 
ticles  are  used  as  precursors.  LST  with  a  nominal  composition  of  Lao.2Sr0.7Ti03  showed  limited  stability 
at  temperatures  higher  than  1290°C.  It  was  observed  that  minor  contents  of  secondary  phases,  which 
form  at  elevated  temperatures,  invoke  a  drastic  loss  of  the  electrical  performance.  Thermal  stability  is 
significantly  increased  by  a  slight  enrichment  of  strontium.  The  phase  pure  A-site  deficient  LST  shows 
remarkably  higher  electrical  performance  than  similar  stoichiometric  counterparts.  Reductive  sintering 
results  in  a  conductivity  as  high  as  600  S  cm-1  at  600  °C.  Furthermore  the  A-site  deficient  LST  shows  a  high 
redox-stability  and  fast  redox-kinetics.  With  these  properties  LST  is  a  suitable  material  for  the  fabrication 
of  a  new  generation  of  Ni-free  ceramic  SOFC  anodes.  Secondary  phases  have  a  significant  influence  on 
the  electrical  conductivity  and  redox  behaviour. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

State-of-the-art  SOFC  anodes  consist  of  nickel  cermets  with 
yttrium-stabilized  zirconia  (YSZ)  or  with  gadolinium  doped  ceria 
(GDC).  However,  besides  the  excellent  electrochemical  perfor¬ 
mance,  the  cermet  anodes  do  suffer  from  coarsening  of  nickel  grains 
and  from  volume  changes  during  redox  cycling,  which  leads  to  the 
disruption  of  the  percolation  of  the  electronically  conductive  phase 
[1-7].  Furthermore,  the  cermet  anodes  tend  to  form  carbon  fila¬ 
ments  on  the  nickel  surface  from  the  hydrocarbon  atmosphere, 
which  reduce  the  catalytic  activity.  For  future  SOFC  applications 
it  is  thus  a  major  challenge  to  circumvent  the  degradation  prob¬ 
lems  associated  with  the  nickel  cermet  materials,  which  could  be 
achieved  by  replacing  the  nickel  by  a  redox-stable  ceramic  material 
with  sufficient  electrical  and  catalytic  activities. 

Currently  particular  attention  is  paid  to  lanthanum  or  yttrium 
doped  strontium  titanates,  which  provide  excellent  redox  stability 
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over  a  wide  range  of  oxygen  partial  pressures  (p02 ).  One  of  the  most 
interesting  properties  of  lanthanum  doped  strontium  titanates 
(LSTs)  is  a  relatively  high  electronic  conductivity  and  very  good  sul¬ 
phur  resistance  [8-10].  It  was  shown  that  a  LST-based  cell  can  be 
operated  without  significant  degradation  with  sulphur  contents  as 
high  as  5000  ppm  [11,12].  This  sulphur  content  is  several  orders  of 
magnitudes  higher  than  what  conventional  state-of-the-art  Ni-YSZ 
can  withstand.  Marina  et  al.  performed  an  extensive  research  about 
thermal,  electrical  and  electrochemical  properties  of  stoichiomet¬ 
ric  lanthanum  strontium  titanates  [13].  They  reported  reversible 
change  of  conductivity  during  reduction-oxidation  tests  for  speci¬ 
mens  sintered  in  air,  which  show  acceptable  conductivity  values.  Fu 
and  Tietz  were  studying  redox  stability  and  performance  of  various 
co-doped  titanates  [14],  but  the  fact  that  the  nominal  composi¬ 
tion  of  Sr0.4i  La0.4TiO3  cracked  during  reoxidation,  might  raise  some 
doubts  about  the  applicability  of  this  LST  composition.  In  contrast 
Savaniu  and  Irvine  [15]  have  successfully  applied  A-site  deficient 
LST  as  an  anode  material  in  well  performing  button  cells.  A-site 
deficient  LSTs  are  perceived  as  interesting  anode  materials,  since 
the  deficiency  can  lead  to  increased  conductivity  values.  In  addition 
A-site  deficient  perovskite  has  a  lower  tendency  to  react  with  the 
zirconia  electrolyte  and  to  form  secondary  phases  such  as  insulating 
La2Zr207/SrZr03,  as  it  is  well  known  from  several  cathode  materi¬ 
als  containing  lanthanum  and  strontium  [16-21  ].  These  promising 
results  show  that  LST  in  general  is  an  interesting  material  for  the 
application  in  SOFC  anodes.  However,  the  cost  efficient  synthesis  of 
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Table  1 

Summary  of  processing  routes  and  properties  of  lanthanum  doped  strontium 
titanates  from  literature  (SSR:  solid  state  route,  GNP:  glycine-nitrate  process,  NSP: 
spray  pyrolysis). 


Chemical  formula 

Stoichiometry 

parameters 

Processing  route 

Ref. 

Stoichiometric 

LaxSri_xTi03 

0.1 -0.4 

GNP 

[13] 

0.1 -0.4 

SSR 

[8] 

0.001-0.05 

SSR 

[20,21] 

0.2-0.5 

SSR 

[22] 

0.33 

SSR 

[23] 

A-site  deficient 

Sri_3X/2LaxTi03.^ 

0.4-0.6 

SSR 

[24] 

Sri_3x/2LaxTi03_5 

0.2 

SSR 

[15] 

Sri_3x/2LaxTi03_5 

0.2 

NSP 

This  work 

phase  pure,  homogenous  and  fine  grain  LST  powders  is  a  challeng¬ 
ing  task,  which  requires  careful  evaluation  of  a  reliable  synthesis 
route  and  of  suitable  stoichiometries. 

1.1.  Syn  thesis  routes  of  LST 

Different  production  routes  for  LST  powders  reported  in  liter¬ 
ature  are  summarized  in  Table  1.  Several  methodologies  for  the 
preparation  of  LST  ceramic  anodes  have  been  tested.  Overall,  the 
solid  state  route  (SSR)  represents  the  synthesis  method  which  is 
most  commonly  applied  due  to  its  simplicity.  However,  the  main 
drawbacks  are  relatively  long  calcination  periods  at  relatively  high 
temperatures  and  the  tendency  to  form  chemical  heterogeneities. 
Additionally  unreacted  precursors  and  very  intensive  milling  that 
has  to  be  performed  after  the  synthesis  may  introduce  a  signif¬ 
icant  level  of  impurity.  Many  of  the  problems  are  related  to  the 
high  temperatures,  which  results  in  heterogeneous  compositions 
with  excessive  grain  growth.  These  high  temperatures  in  combi¬ 
nation  with  relatively  long  preparation  time  are  required  for  the 
processing  of  relatively  coarse  raw  materials.  In  order  to  increase 
the  material’s  purity  and  therefore  eliminate  secondary  phases  a 
step-wise  calcination-regrinding-calcination  procedure  is  usually 
carried  out.  This  procedure  is  not  suitable  for  the  production  of 
larger  quantities  of  high  purity  materials  that  are  necessary  for 
fuel  cell  development  and  fabrication.  Thereby  a  particular  prob¬ 
lem  may  arise  from  free  lanthanum  and  titania  compounds,  which 
are  not  incorporated  into  the  LST  crystal  lattice.  These  free  com¬ 
pounds  may  easily  react  with  electrolyte  material,  thus  creating 
insulating  reaction  products. 

In  order  to  circumvent  the  problems  associated  with  the  con¬ 
ventional  synthesis  route,  the  nanoparticle  based  spray  pyrolysis 
(NSP  process)  is  evaluated  in  this  study  as  an  alternative  syn¬ 
thesis  route  for  efficient  production  of  homogenous,  single  phase 
and  fine  grained  LST  powders.  In  addition  to  macroscopic  char¬ 
acteristics  (phase  purity,  grain  size,  etc.)  electrical  conductivity, 
electrochemical  activity  and  redox  stability  are  strongly  dependent 
on  microscopic  aspects  such  as  defect  chemistry  and  charge  com¬ 
pensation  mechanism.  Therefore  some  basic  principles  of  defect 
chemistry  are  discussed  subsequently  specifically  for  the  LST- 
system. 

12.  The  defect  chemistry  and  compensation  mechanism  donor  of 
doped  strontium  titanate 

SrTi03  (ST)  is  a  cubic  perovskite  (AB03)  with  insulating  proper¬ 
ties  in  oxidizing  atmosphere.  Under  reducing  conditions  it  becomes 
conductive,  due  to  the  oxygen  removal  from  the  crystal  lattice: 

2Tiii  +  OqS<— 5-32Tiji  +  V0**  +  ^02(g)  (1) 


or 

tf0^2e'  +  V0"  +  \o2(g)  (2) 

The  reduction  of  titanium  is  the  driving  force  that  introduces 
electrons  to  the  Ti-3d  orbital.  Therefore,  the  electronic  proper¬ 
ties  are  directly  related  to  the  concentration  of  trivalent  titanium 
[22,23].  However,  the  formation  of  oxygen  vacancies  SrTi03  is  lim¬ 
ited  which  is  the  reason  why  polycrystalline  strontium  titanate  only 
shows  moderate  to  low  conductivities  [24].  The  introduction  of 
donor  dopants  (e.g.  La,  Y,  Gd)  enhances  the  electronic  conductivity 
under  reducing  conditions  [25,26].  The  stability  and  the  electrical 
properties  are  strongly  related  to  the  crystal  structure  at  different 
dopant  contents  and  reduction  states  as  a  function  of  oxygen  par¬ 
tial  pressure.  Therefore  the  defect  chemistry  of  stoichiometry  and 
non-stoichiometry  is  discussed  separately. 

1.2.1.  Stoichiometric  LST 

The  changes  from  a  SrTi03  to  a  stoichiometric  LaSrTi03  can  be 
described  as  a  ‘one-to-one  substitution’  of  Sr  by  La,  whereby  the 
A-site  remains  fully  occupied  and  the  A-site  to  B-site  ratio  remains 
1 .  For  a  fully  reduced  material  the  concentration  of  trivalent  titania 
should  be  equal  to  the  doping  level  of  La: 

[LaSr*  ]  =  [Tiji]  (3) 

In  oxidizing  atmosphere  trivalent  titanium  is  not  likely  to 
appear.  In  order  to  maintain  charge  neutrality  a  different  compen¬ 
sation  mechanism  is  introduced.  Thereby  the  accommodation  of 
excess  oxygen  leads  to  the  creation  of  oxygen-rich  defect  regions 
and  structure  rearrangement  [27-30].  The  way  in  which  the  oxygen 
is  accommodated  strongly  depends  on  the  dopant  concentration. 
For  highly  doped  LaSrTi03  the  crystallographic  shear  structures 
La2Ti207-SrTi03  exist,  while  at  lower  La  doping  levels  randomly 
distributed  linear  defects  and  point  defects  are  created  [29],  which 
influence  the  redox  stability  and  conductivity  [31].  Thus,  in  order 
to  maintain  charge  neutrality,  excess  oxygen  is  introduced  and  can 
be  expressed  as  interstitially  and  randomly  localized  defects: 

La203  +  2Sr*r  2SrO  +  2LaSr*  +  O"  (4) 

with  the  corresponding  charge  neutrality  condition: 

[LaSr*]  =  2[0"]  (5) 

Consequently,  stoichiometric  LST  contains  high  amounts  of 
interstitial  oxygen,  if  sintered  at  high  p02  pressures,  which  is  usu¬ 
ally  described  with  the  term  ‘+5’  (the  stoichiometric  compositions 
should  be  thus  written  as:  LaxSri_xTi03+(5).  When  exposed  to  a  low 
oxygen  partial  pressure,  the  oxygen  is  removed  from  the  LST  crystal 
lattice.  The  free  electrons  associated  with  the  oxygen  removal  will 
recombine  with  Ti,  what  leads  to  a  decrease  of  the  B-site  valence 
from  Ti4+  to  Ti3+: 

2e'  +  2Tijj  2Tijj  (6) 

The  existence  of  trivalent  Ti  leads  to  n-type  semiconducting 
behaviour,  which  is  also  called  ‘reduction  type  semiconduction’. 
The  underlying  charge  transport  mechanism  is  assumed  to  be  of  a 
so-called  ‘hopping- type’,  whereby  electrons  are  moving  from  a  Ti3+ 
to  the  neighbouring  Ti4+.  It  is  evident  the  degree  of  Ti-reduction  is 
of  major  importance  in  order  to  reach  a  high  electrical  conductivity. 

1.2.2.  Understoichiometric  LST 

It  is  known  from  literature  that  non-stoichiometric  LST  com¬ 
positions  exist  within  a  certain  range  of  compositions  [32-34].  The 
non-stoichiometric  compositions  described  by  the  general  formula 
of  LaxSr!_o.5XTi03  have  a  variable  A-to-B  ratio,  which  depends  on 
the  dopant  concentration  (x).  Upon  doping  the  additional  charge 
from  the  La3+  can  be  compensated  by  the  formation  of  Sr-vacancies 
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on  the  A-site.  In  this  way  no  oxygen  uptake  is  necessary  to  com¬ 
pensate  for  the  additional  charge. 

La203  +  2S4  *>  2SrO  +  2LaSr*  +  V"  +  ^02(g)  (7) 

The  corresponding  charge  neutrality  condition  is  then  written  as 
follows: 

[LaSr*]  =  2[V"r]  (8) 

Thereby,  the  amount  of  Sr-vacancies  in  the  A-site  deficient  per- 
ovskites  is  defined  as  x/2,  whereby  x  =  La.  The  La-rich  end  member 
has  a  maximum  dopant-content  with  x  =  0.66  (i.e.  Lao.66Ti03)  and 
a  vacancy  concentration  of  33%  on  the  A-site.  Upon  reduction  of 
A-site  deficient  LST  the  low  p02  leads  to  the  formation  of  oxygen 
vacancies  in  a  similar  way  as  described  for  stoichiometric  LST  in 
Eqs.  (1)  and  (2).  This,  in  turn,  results  in  the  electronic  compensa¬ 
tion  of  the  lanthanum  charge  by  the  change  of  the  valence  state  on 
the  B-site  (Eq.  (6)),  which  introduces  n-type  conductivity. 

At  this  stage  however  it  is  not  clear  to  what  extent  the  above 
mentioned  planar  or  linear  defects  (in  stoichiometric  LST)  and 
of  Sr-vacancies  (in  deficient  LST)  may  influence  the  macroscopic 
materials  properties.  It  is  however  clear  that  the  different  defect 
structures  will  lead  to  significantly  different  properties,  such  as 
phase  stability,  redox  behaviour  and  conductivity.  So  far,  the 
relationship  of  the  material  properties  with  the  variable  defect 
structures  associated  with  different  degrees  of  A-site  doping  of 
deficient  lanthanum  doped  strontium  titanates  has  not  been  inves¬ 
tigated  in  a  systematic  way  and  so  far  no  study  was  dealing  with 
the  suitability  of  those  A-site  deficient  compounds. 

In  this  study  we  aim  to  prepare  larger  quantities  of  phase  pure 
LST-powder  (i.e.  between  500  and  2000  g).  The  properties  of  these 
titanate  powders  may  be  strongly  dependent  on  the  processing  his¬ 
tory  and  on  the  preparation  conditions  of  the  material.  Therefore,  in 
this  work  the  goal  is  to  investigate  the  properties  of  La0.2Sr0.7TiO3 
produced  by  the  nanoparticle  based  spray  pyrolysis  (NSP).  Particu¬ 
lar  attention  is  given  to  the  phase  purity  of  the  powders,  the  thermal 
stability  and  to  the  corresponding  properties,  which  are  linked 
with  specific  defect  chemistry  of  deficient  lanthanum  strontium 
titanate. 

2.  Experimental 

2.1.  Powder  preparation  by  nanoparticle  based  spray  pyrolysis 
(NSP)  and  by  solid  state  synthesis  route  (SSR) 

It  is  the  intention  of  the  present  study  to  circumvent  the  prob¬ 
lems  related  to  LST  synthesis  with  solid  state  techniques,  which 
are  summarized  in  Section  1,  by  applying  alternative  production 
techniques.  For  this  purpose,  spray  pyrolysis  (SP)  fulfils  most 
requirements  for  a  cost  effective  production  of  LST  powders  with 
varying  compositions  and  a  wide  range  of  particle  size  distribu¬ 
tions  [35-38].  However,  the  selection  of  Ti-precursors  for  spray 
pyrolysis  is  strongly  limited  with  respect  to  suitable  chemical 
components  and  cost-effectiveness.  Moderately  expensive  precur¬ 
sors  are  unsuitable  due  to  hydrolysis  and  precipitation  in  aqueous 
solutions,  while  organic  solvents  generally  have  too  low  solubility 


Fig.  1.  Schematic  illustration  of  the  equipment  (left)  for  nanoparticle  based  spray 
pyrolysis  (NSP)  with  a  diagram  of  the  corresponding  work  flow  for  the  LST  produc¬ 
tion  (right). 

of  Ti.  Alternatively,  the  selection  of  titania  nanoparticles  as  a 
precursor  is  particularly  attractive  due  to  its  relatively  low-cost 
and  short  diffusion  pathways  due  to  the  small  size  of  primary 
particles  (as  discussed  below). 

The  starting  solution  was  made  by  mixing  a  certain  amount  of 
combustive  compound— gelatine  in  deionised  water.  Stoichiomet¬ 
ric  amounts  of  lanthanum  and  strontium  salts  were  then  added  to 
a  previously  prepared  gelatine  solution.  The  homogenisation  was 
carried  out  within  a  12  h  period.  The  precursor  reagents  used  for 
the  synthesis  of  LST  with  NSP  are  summarized  in  Table  2. 

During  spray  pyrolysis,  an  aerosol  spray  of  the  precursor  solu¬ 
tion  is  introduced  into  a  reactor  or  furnace  where  the  droplets  are 
thermally  decomposed  to  form  oxide  particles.  In  contrast  to  the 
conventional  spray  pyrolysis,  which  is  typically  a  single  step  pro¬ 
cess,  the  chamber-wise  route  requires  post  treatment  by  means  of 
homogenisation  and  calcination  at  specified  temperatures.  In  this 
study  chamber-wise  pyrolysis  was  performed  in  a  pot  furnace  (Kit- 
tec  CB65).  The  atomisation  of  the  precursor  suspension  was  carried 
out  at  550  °C,  followed  by  the  decomposition  of  nitrate  residues 
performed  at  700  °C  for  4h.  A  peristaltic  pump  (Watson-Marlow 
505S/505L  head)  was  employed  in  order  to  assure  high  dosing 
accuracy  and  pulse  free  dosing  to  maintain  a  constant  droplet  size 
distribution  (see  Fig.  1). 

For  comparison  also  conventional  LST  production  was  per¬ 
formed.  The  solid  state  route  synthesis  was  carried  out  from 
the  same  reagents  which  are  listed  in  Table  2.  The  reagents 
were  mixed  according  to  the  stoichiometric  proportions  of 
the  LST-composition.  Suspended  in  isopropanol  reagents  were 
homogenised  in  a  planetary  ball  mill  at  350  rpm  for  10  h  (11  ves¬ 
sel,  Zr02  milling  balls  1-10  mm).  The  calcination  was  carried  out  at 
1200  °C,  1300  °C  and  1400  °C. 

2.2.  Material  characterisation 

The  crystal  structure  of  calcined  powders  was  analysed  by  X- 
ray  diffraction  (PANalytycal  X’pert  Pro  MPD,  Netherlands  equipped 
with  a  Johanson  monochromator)  with  Cu-Ka  (A.  =  1.5405  A).  The 
measurements  were  carried  out  within  a  2(9  range  of  5-80°.  The 
specific  surface  area  (SSA)  of  powders  that  were  pre-dried  at 
180  °C  for  2  h  was  determined  by  a  five-point  nitrogen  adsorption 
isotherm  at  -196  °C  (Coulter  electronics  USA,  SA  3100). 


Table  2 

Raw  materials  and  main  expected  gelatine-derivatives  used  as  precursors  for  the  LST  production  with  NSP  and  SSP. 


Systematic  name 

Chemical  formula 

Mol.  mass  (gmol-1) 

Purity  (%) 

Function 

Supplier 

Strontium  nitrate 

Sr(N03)2 

211.63 

Puriss  >99 

Reagent 

Sigma-Aldrich 

Lanthanum  nitrate  hexahydrate 

La(N03  )3-6H20 

433.03 

Puriss  99.99 

Reagent 

Auer  Remy 

Titania/titanium  dioxide 

Ti02  (anatase/rutile  =  76:24) 

79.87 

Puriss  99.99 

Nanopowder  reagent 

Evonik  Industries 

Titanium  dioxide 

Ti02  rutile 

79.87 

99.5 

Reagent 

Cerac 

Strontium  carbonate 

SrC03 

147.63 

99.9 

Reagent 

Sigma-Aldrich 

Lanthanum  oxide 

La203 

325.81 

99.99 

Reagent 

Auer  Remy 
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The  conductivity  measurements  were  made  using  the  four  point 
DC  technique  (Keithley  2750).  For  this  purpose  calcined  and  milled 
powders  were  uni-axially  pressed  at  320  MPa  and  sintered  at  tem¬ 
peratures  between  1240°C  and  1450  °C.  In  order  to  ensure  good 
electric  contacts  between  the  samples  and  the  contact  wires  the 
specimens  were  brushed  with  platinum  paste  (Metalor),  dried 
at  120°C  for  lh  and  fired  afterwards  at  1000°C  for  1  h.  Speci¬ 
mens  were  then  wrapped  up  by  Pt  wires  (noble  metals,  Pt  99.99%, 
d  =  0.3  mm)  and  connected  to  the  measuring  terminal.  The  conduc¬ 
tivity  measurements  were  carried  out  in  both  oxidizing  (N2/O2 
artificial  air,  99.9995)  and  reducing  atmospheres.  A  mixture  of 
forming  gas  was  created  with  previously  calibrated  mass  flow  con¬ 
trollers  (MFC)  (Vogtlin  instruments,  GSC-A,  Get-Ready).  Forming 
gas  of  5%  hydrogen  (H2,  99.995%,  PanGas,  Switzerland)  in  nitrogen 
(N2, 99.995,  PanGas,  Switzerland)  was  used  during  the  whole  inves¬ 
tigation.  The  oxygen  partial  pressure  was  monitored  with  a  lambda 
sensor  (Cambridge  Rapidox  2100). 

The  microstructure  of  cross  sections  was  investigated  with  scan¬ 
ning  electron  microscopy  (Tescan  Vega  5130-SB).  Samples  were 
embedded  in  resin,  cured  and  polished.  The  particle  morphology 
of  produced  powders  was  evaluated  with  a  FEG-SEM  (FEI,  Nova 
NanoSEM230)  that  is  equipped  with  a  STEM-detector.  For  this  pur¬ 
pose  powders  were  dispersed  in  alcohol  with  ultrasonic  treatment, 
from  which  single  drops  were  added  onto  a  copper  TEM  grid  and 
then  dried. 

Reoxidation  of  the  LST  leads  to  an  increase  of  weight,  which  was 
measured  by  thermo-gravimetric  analysis  (Netzsch  STA  409).  The 
specimen  was  sintered  at  1430  °C  and  cooled  down  to  room  tem¬ 
perature  in  flowing  forming  gas  (5%)  and  then  grinded  to  a  fine 
powder.  The  procedure  was  calibrated  by  a  separate  measurement 
of  the  empty  supporting  crucible.  Subsequently,  the  specimen  was 
heated  up  in  forming  gas  to  the  temperature  of  980  °C,  flushed  with 
argon  followed  by  the  oxidation,  for  which  the  weight  increase 
was  recorded.  These  measurements  were  performed  with  high 
purity  argon  (99.9995)  (PanGas,  Switzerland)  and  with  artificial  air 
(20.95%  of  oxygen,  99.9995). 

3.  Results 

In  Table  3  the  nominal  compositions  of  produced  powders  and 
their  denotations  are  summarized.  In  general,  so-called  understo- 
ichiometric  compositions  of  La0.2Sro.7Ti03  are  produced  by  a  solid 
state  route  (Batch  LSTSsr)  and  by  a  nanoparticle  based  spray  pyrol¬ 
ysis  (NSP,  Batches  LST27).  For  reasons  discussed  below,  two  further 
batches  of  LST27-04  and  LST27-06  were  produced,  which  contain 
slightly  higher  amounts  of  Sr. 

3.1.  LST  produced  by  solid  state  reaction  (SSR) 

The  solid  state  route  represents  the  simplest  and  the  most 
widely  used  technique  for  powder  production  of  lanthanum  doped 
strontium  titanates  (LSTs).  Fig.  2  shows  the  XRD  patterns  of  the 
SSR  powder  (Batch  LSTSsri)  after  calcination  for  20  h  at  different 
temperatures.  Fig.  2  also  includes  the  Bragg  position  of  cubic  LST 


Fig.  2.  XRD  patterns  from  LST-powders  prepared  with  SSR  calcined  for  20  h  at 
1200°C  to  1450 °C.  Bragg  positions  of  SrTi03  (LST28)  (JCPDS  card  No.  86-179)  and 
Ti02  (rutile)  (JCPDS  card  No.  88-1172)  are  given  as  a  guide  to  the  eye  at  the  bot¬ 
tom.  Note  that  not  all  of  the  reflections  have  been  marked  to  maintain  the  clarity  on 
the  figure.  Unmarked  patterns  represent  pyrochlore  La2Ti207  and  various  La-Sr-Ti 
stoichiometries. 

Lao.2Sr0.8Ti03+5  as  a  reference  (JCPDS  card  No.  86-179).  All  pat¬ 
terns  from  LSTssri  contain  peaks  which  indicate  the  existence  of 
secondary  phases.  Hence,  no  single  phase  powder  of  LST  could 
be  achieved  with  SSR,  even  not  after  heat  treatments  at  1200°C, 
1300  °C  and  1450  °C  for  20  h.  The  appearance  of  secondary  phases 
becomes  more  pronounced,  when  calcinations  are  carried  out  at 
higher  temperatures  of  1300  °C  and  1450  °C.  In  addition,  a  peak  shift 
of  the  primary  perovskite  was  found  in  the  XRD-spectra  at  higher 
temperatures.  The  peaks  of  the  secondary  phases  can  be  assigned  to 
Ti02  (rutile),  La2Ti207  and  different  La-Sr-Ti  oxides  with  variable 
stoichiometry.  These  XRD  results  indicate  that  an  up-scaled  pow¬ 
der  production  of  phase  pure  LST  is  difficult  to  be  achieved  with 
SSR.  Therefore,  in  the  further  investigations  we  are  focusing  on  a 
more  promising  approach  with  nanoparticle  based  spray  pyroly¬ 
sis  (NSP)  in  order  to  overcome  the  obvious  diffusion  problems  that 
seem  to  be  inherent  to  the  SSR  powders. 

3.2.  LST  produced  by  nanoparticle  based  spray  pyrolysis  (NSP) 

The  LST  powders  produced  by  nanoparticle  based  spray  pyroly¬ 
sis  (NSP)  have  a  significantly  lower  amount  of  secondary  phases 
than  those  produced  by  SSR.  Thereby  it  was  noticed  from  ear¬ 
lier  experiments  that  the  application  of  submicron  sized  rutile 
(Ti02)  as  a  precursor  results  in  a  particularly  high  phase  purity. 
Two  different  materials,  an  understoichiometric  composition 
(LaxSri_15xTi03+5  =  LST27)  and  an  understoichiometric  composi¬ 
tion  with  a  slight  enrichment  of  Sr  (i.e.  LaxSri_i.5x+xTi03+(5  =  LST27-04 
and  LST27-06 )  are  described  separately  in  the  following  sections.  The 
morphology  and  the  characterisation  of  as-prepared  powders  are 
discussed  in  general  since  it  is  very  similar  for  all  these  composi¬ 
tions. 

3.2.1.  General  powder  characteristics  of  NSP  materials 

Fig.  3  shows  STEM  images  of  LST  from  NSP  production  in  the 
‘as-prepared’  state  (left)  and  after  calcination  including  a  grind¬ 
ing  step  (right).  In  the  as-prepared  state  the  primary  particle  size 


Table  3 

Specifications  of  produced  LST-powders,  including  the  corresponding  nomenclature,  stoichiometry,  specific  surface  area  (SSA)  from  BET-measurements  and  phase  purity 
after  thermal  treatment. 


Nomenclature  of 
produced  materials 

Nominal 

stoichiometric 

compositions 

La  to  Sr  ratio 

Production 

technique 

Specific  surface  area  (m2  g-1 ) 
from  ‘as  prepared  powders’ 

Phase  purity  after 
thermal  treatment 

LSTssr 

Lao.2Sro.7Ti03 

0.2:0.7 

SSR 

7.2 

Secondary  phases 

lst27 

Lao.2Sro.7Ti03 

0.2:0.7 

NSP 

16 

Single  phase 

LST27-o4 

Lao.2Sro.7o4Ti03+(5 

0.2:0.704 

NSP 

16.8 

Single  phase 

LST27_o6 

Lao.2Sro.7o6Ti03+($ 

0.2:0.706 

NSP 

17.1 

Single  phase 

SSR:  solid  state  route  reaction;  NSP:  nanoparticle  based  spray  pyrolysis. 
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Fig.  3.  STEM  bright  field  images  of  LST  powders  from  spray  pyrolysis  (NSP)  showing  particle  size  and  morphology:  left,  nano-sized  powder  before  calcination  (17  m2  g-1 ); 
right,  bimodal  powder  after  calcination  and  subsequent  grinding  (13  m2  g-1 ). 


measured  from  STEM  images  is  in  the  range  of  30-50  nm.  This 
corresponds  well  with  the  monosized  spherical  diameter  (d50BEi) 
of  47  nm  which  is  calculated  from  the  measured  specific  surface 
area  (SSABet)  of  1 7  m2  g-1 .  The  STEM  images  also  illustrate  that  the 
as-prepared  powder  has  a  narrow  size  distribution. 

After  calcination  a  surface  area  (SSA)  of  approximately  2  m2  g-1 
(d50BET  =  554nm)  is  received,  which  can  be  increased  up  to 
13m2g_1due  to  additional  grinding.  The  corresponding  STEM 
image  documents  that  a  bimodal  size  distribution  is  obtained  after 
calcination  and  regrinding.  For  this  specific  powder  the  SSA  of 
13  m2  g_1  corresponds  to  an  average  equivalent  diameter  (c^bet) 
of  86  nm.  High  energy  planetary  milling  results  in  powders  with 
higher  specific  surface  area  (SSA)  up  to  21  m2  g-1  (dsoBET  =  55  nm). 

3.2.2.  Characterisation  of  understoichiometric  LaxSr ?  _  t5xTi03 
(Batch  LST27) 

3.2.2  A.  Effect  of  sintering  temperature  on  phase  purity.  The  material 
with  a  nominal  composition  of  Lao.2Sro.7Ti03  (LST27)  was  investi¬ 
gated  by  XRD  and  SEM.  Fig.  4  shows  results  from  X-ray  diffraction 
for  different  calcination  temperatures.  All  XRD  spectra  are  normal¬ 
ized  to  the  LST  main  reflection  (110).  In  general  the  phase  purity  is 
much  higher  compared  to  the  SSR  powders.  Already  a  temperature 
treatment  of  1200°C  for  5  h  resulted  in  a  powder  where  the  main 
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Fig.  4.  XRD  patterns  as  a  function  of  calcination  temperature  for  two  spray  pyrolysed 
batches  (LST27)  with  a  nominal  composition  of  Lao.2Sr0.7Ti03.  Bragg  positions  of 
SrTi03  are  given  as  a  guide  to  the  eye  (JCPDS  card  No.  86-179).  Legend :  Star,  rutile 
Ti02;  question  mark,  unidentified  phase;  triangle,  sample  holder. 


perovskite  structure  has  formed  (Fig.  4a).  All  powders  produced  at 
1200°C  showed  minimal  reflections  of  rutile  (Ti02),  which  could 
not  be  eliminated  by  additional  annealing  up  to  12h.  Powders 
calcined  at  1250°C  show  a  single  phase  XRD  pattern  of  cubic  per¬ 
ovskite  (Fig.  4b).  Further  increment  of  the  temperature  to  1300  °C 
led  to  re-appearance  of  Ti02-traces  (Fig.  4d  and  e)  and  possibly  of 
some  pyrochlore  (La2Ti207)  (Fig.  4c).  Overall  the  comparison  of 
XRD  analyses  at  increasing  calcination  temperatures  indicates  a 
temperature  window,  where  phase  purity  of  the  spray  pyrolysed 
Lao.2Sr0.7Ti03  is  maintained.  This  temperature  window  was  found 
between  1250°C  and  1300  °C.  Below  1250°C  the  formation  of 
the  perovskite  phase  is  not  yet  pronounced  enough,  while  above 
1300  °C  progressive  phase  segregation  and  formation  of  secondary 
phases  are  observed. 

Interstitial  domains  of  a  distinct  dark  grey  phase  (Fig.  5)  appear 
in  the  SEM/BSE  images  from  LST  samples  sintered  at  1400  °C  and  at 
1450  °C.  It  was  confirmed  by  EDX  analysis  that  the  dark  grey  phase 
is  Ti02  (rutile).  The  specimen  sintered  for  90  min  at  1450  °C  shows 
large  spherical  LST  grains  (about  20-28  p,m  in  size).  The  dark  Ti- 
rich  phase  is  localized  at  the  interstices  between  the  grain  boundary 
junctions  of  the  large  LST  grains.  The  larger  grain  size  and  the  higher 
amount  of  secondary  rutile  which  appears  at  slightly  higher  tem¬ 
peratures  in  the  SEM  images  (compare  Fig.  5,  left  and  right)  is  in  a 
good  agreement  with  a  higher  intensity  of  rutile  that  is  observed 
in  the  corresponding  XRD  spectra  (compare  Fig.  4e).  Hence,  this 
indicates  that  at  higher  temperatures  more  secondary  phases  are 
formed. 

3.2.22.  Electrical  conductivity  of  phase  impure  LaxSr^_L5xTi03 
(Batches  LST27).  In  Fig.  6  the  temperature  dependence  of  conduc¬ 
tivity  is  shown  for  three  LST27  samples  with  different  sintering 
temperatures.  All  three  measurements  are  performed  under 
reducing  conditions  of  forming  gas.  The  effect  of  the  sintering  tem¬ 
peratures  is  illustrated  by  a  comparison  of  curve  1  (NSP27, 1450  °C), 
curve  2  (NSP27,  1400  °C),  and  curve  3  (NSP27,  1250°C).  The  sam¬ 
ple  sintered  at  higher  temperatures  (curve  1)  has  a  relatively  low 
conductivity  of  2.66  S  cm-1  at  930  °C  compared  to  4.59  S  cm-1  in 
curve  2.  The  highest  conductivity  (23 Son-1)  was  measured  for 
a  specimen  that  was  sintered  at  1250°C.  As  shown  above  (see 
Figs.  4  and  5),  the  different  sintering  temperatures  also  lead  to 
microstructural  changes  associated  with  coarsening  of  LST  and 
even  pronounced  formation  of  secondary  rutile.  The  decrease  of 
conductivity  with  increasing  sintering  temperatures  can  thus  be 
correlated  with  microstructure  coarsening  and  accompanying  for¬ 
mation  of  secondary  phases. 
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Fig.  5.  SEM  images  with  backscatter  contrast  (BSE)  of  LST27  sintered  at  1400  °C  (left)  and  at  1450  °C  (right).  Dark  grey  domains  represent  interstitial  Ti02  whereas  the  bright 
grey  matrix  is  attributed  to  LST.  Right:  A  magnified  area,  which  is  not  representative  for  the  whole  material.  It  shows  a  local  area,  where  the  concentration  of  secondary  Ti02 
is  enriched. 


3.2.3.  Characterisation  of  Sr-enriched  understoichiometric 
LaxSr  \  _  i.5x+axTiOj+§ 

3.2.3A.  Effect  of  calcination  temperature  on  phase  purity  (Batches 
1ST 27 -04  and  LST27-06)-  Two  LST  compositions  with  a  slight  Sr- 
enrichment  (0.02  and  0.03  per  formula  unit)  were  produced  in 
order  to  study  the  effect  of  a  compositional  variation  on  the  mate¬ 
rial  properties  and  phase  stability.  Fig.  7  illustrates  the  temperature 
dependence  of  secondary  phase  formation,  in  analogy  to  Fig.  4. 
Powders  of  LST27-04  calcined  at  1200°C  show  traces  of  secondary 
phases  (Fig.  7)  similarly  to  the  LST27  (Fig.  4a  and  e).  The  temper¬ 
ature  window,  for  which  the  cubic  structure  and  phase  purity  are 
retained,  is  between  1250°C  and  1450  °C.  The  Sr-enriched  mate¬ 
rial  denoted  as  LST27_04  reaches  phase  purity  at  1250  °C  (Fig.  7c) 
while  LST27_o6  needs  almost  100°C  higher  temperatures  (Fig.  7h). 
Apparently  a  larger  enrichment  of  Sr  requires  higher  tempera¬ 
tures  of  calcination  in  order  to  reach  phase  purity.  In  contrast  to 
the  above-described  productions  of  LST27,  both  enriched  composi¬ 
tions  of  LST27_o4  and  LST27_06  manifest  improved  phase  stability  at 
elevated  temperatures  without  secondary  phase  formation  up  to 


1450  °C  and  1 500  °C,  respectively.  A  slight  addition  of  Sr  thus  leads 
to  a  stabilization  of  the  understoichiometric  LST  structure  at  higher 
temperatures  (above  1250°C). 

3.2.32.  Electrical  conductivity  of  single  phase  Sr-enriched  under¬ 
stoichiometric  LaxSr^_15x+axTi03+( $  (Batch  LST 27 -04).  Fig.  8  shows 
the  temperature  dependency  of  the  conductivity  in  Sr-enriched 
understoichiometric  LST27_04  sintered  at  1250°C  in  air  and  subse¬ 
quently  reduced  at  different  temperatures  (24  h  at  980  °C  + 1  h  at 
Tred)-  Thereby  significantly  different  conductivities  are  obtained 
depending  on  the  final  pre-reduction  temperature  (TRED).  The 
maximum  conductivity  is  increasing  from  106  S  cm-1  (TREd  980  °C) 
to  159  5  cm-1  (TrED  1100°C),  392  5  cm-1  (TrED  1150°C)  and 
20515cm-1  (Tred  1200°C),  respectively.  At  the  same  time  also 
the  temperature  (T0 perating)  corresponding  to  the  maximum 
conductivity  is  slightly  shifted  with  the  reduction  temperature 
from  225  °C  (TREd  980 °C)  to  274 °C  (TREd  1200°C).  It  is  assumed 
that  the  increase  of  conductivity  at  higher  reduction  temperatures 
is  associated  with  an  increase  of  the  ratio  Ti3+/Ti4+  due  to  a  stronger 


Fig.  6.  Temperature  dependent  conductivity  of  LST27  sintered  for  90  min  at  three 
different  sintering  temperatures.  Legend:  1.  LST27  sintered  at  1450°C  in  air;  2.  LST27 
sintered  at  1400  °C;  3.  LST27  sintered  at  1250  °C  for  16  h.  All  samples  were  isother- 
mally  reduced  at  980 °C  in  forming  gas  (5%  H2  in  N2)  and  subsequently  cooled 
down  to  room  temperature  while  monitoring  the  conductivity.  The  total  gas  flow 
corresponds  to  250  ml  min-1 . 


?  -  Low  intensity  /  umndenbfied 


U°o°c 
l3so  °c 

l3°0'c 

I 

t 

8 

s 

1?so°c 

1?0°°C 

Yobv-Yealc. 


i  l 

 L  

1 

1 

1 

1 

bj 

1 

1 

1 

1 

1 

$ 

fc 

9 

r  "  r  1 

1 

1 

1  * 

5 

El. 

—  1  ■ 

1 

1 

lL' 

. 

1  * 

L  1  „ 

* 

=H 

6  J1 ! 

h=h 

1 

1 

1 

1 

d  L j 

r — ■  1 

1 

1 

1 

i 

cl 

1 

1 

1 

1 

b  1 

IL 

L  . 

1  J 

L  1  J 

1 

? 

a 

1_ T 

- 1 - -  -f - r - 1 - - — 

1  1  1  1  1  1  III 

30 


60 


Fig.  7.  Normalized  XRD  patterns  as  a  function  of  the  calcination  temperature  for  Sr- 
enriched  understoichiometric  compositions  LST27.04  and  LST27.06.  Bragg  positions  of 
SrTi03  are  given  as  a  guide  to  the  eye  (JCPDS  card  No.  86-179)  at  the  bottom.  Legend: 
Star,  rutile  Ti02;  question  mark,  unidentified  phase. 
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Fig.  8.  The  temperature  dependence  of  conductivity  in  Sr-enriched  understoichio- 
metric  LST27-04.  All  samples  were  sintered  in  air  at  1250  °C  for  16  h  and  subsequently 
reduced  at  980 °C  for  24  h  in  dry  5%  (N2/H2)  forming  gas  followed  by  further  pre¬ 
reduction  for  1  h  at  different  temperatures  (TRED,  as  indicated  in  the  figure). 
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Fig.  10.  Isothermal  redox  cycling  at  980  °C  (Toperating  )  of  air  sintered  LST27.04.  Before 
the  measurement  the  reduction  was  lasting  24 h  at  980 °C  (TREd).  Note,  that  each 
30  min  long  oxidation  step  has  led  to  a  complete  loss  of  conductivity  (0.002  S  cm-1 ). 
The  image  modified  from  Ref.  [39].  The  nitrogen  flux  with  250  ml  min-1  was  applied 
for  1  min  before  each  oxidation  and  reduction  cycle. 
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reduction  (according  to  Eq.  (6)).  The  shift  of  conductivity  values 
documented  in  Fig.  8  indicates  that  the  degree  of  reduction  is 
strongly  dependent  on  the  final  reduction  temperature  (TRED). 

In  Fig.  9  (top)  the  electrical  conductivity  is  shown  as  a  function  of 
Tred  (x-axis)  for  dense,  Sr-enriched  understoichiometric  LST  speci¬ 
mens.  Thereby  each  curve  represents  the  measured  conductivities 
at  a  given  operating  temperature  (T0 perating)-  The  reduction  per¬ 
formed  for  24  h  at  980  °C  resulted  in  a  conductivity  of  1 6  S  cm-1  at 
930  °C  (Toperating)  and  28Scm-1  at  600  °C.  Further  pre-reduction 
for  lh  at  Tred  of  1100°C,  1150°C,  1200°C  and  1430°C  gave  a 
rise  to  enhanced  conductivity  of  19Scm_1,  24Scm_1,  31  Scm-1 
and  71  Scm-1  (at  930  °C  T0 perating).  respectively.  Simultaneously 
the  cubic  lattice  parameter  ‘a’  shows  continuous  expansion  with 
increasing  reduction  temperature,  as  shown  in  Fig.  9,  bottom. 
This  expansion  can  be  attributed  to  increasing  ratio  Ti3+/Ti4+  upon 
reduction.  Thereby  Ti3+  has  a  larger  ionic  radius  than  Ti4+.  A  reduc¬ 
tion  period  of  6  h  at  1430  °C  resulted  in  the  highest  lattice  value  of 
3.91 1(0),  which  corresponds  to  a  relative  expansion  of  0.38%.  It  has 
to  be  noted,  that  the  curve  describing  the  lattice  expansion  has  an 
asymptotic  shape,  whereby  the  lattice  parameter  hardly  increases 
above  1400  °C.  Therefore,  it  can  be  concluded  that  the  material 
sintered  at  1430  °C  experienced  severe  reduction  conditions  and 
approaches  the  upper  limit  of  the  Ti3+  concentration. 


Fig.  9.  Top :  Influence  of  reduction  temperature  (TRED)  on  the  conductivity  of 
Sr-enriched  understoichiometric  LST27.04  at  different  operating  temperatures 
(TopERating)-  Bottom :  Gradual  change  of  cubic  lattice  parameter  “a”  as  a  function 
of  increasing  reduction  temperature. 


The  change  of  mass  during  oxygen  uptake  according  to  Eq.  (1) 
was  measured  for  a  specimen  sintered  at  1430 °C  in  forming  gas 
after  calcination  at  980  °C.  The  reduced  sample  was  analysed  with 
thermogravimetry  under  oxidizing  atmosphere  whereby  a  mass 
increase  of  0.81%  was  measured.  The  amount  of  incorporated  oxy¬ 
gen  corresponds  to  the  concentration  of  trivalent  Ti3+  (see  Eq.  (1)) 
which  will  be  discussed  below. 

32.3.3.  Reduction- oxidation  kinetics  of  single  phase  Sr-enriched 
understoichiometric  LaxSr^psx+axTiO^  (Batch  LST27-o4)-  In  Fig.  10 
the  redox  cycling  of  LST27-04  performed  over  a  period  of  120h  is 
shown.  The  introduction  of  the  oxidizing  atmosphere  results  in  an 
immediate  loss  of  conductivity  and  therefore  quick  response  to  the 
change  of  oxygen  partial  pressure.  It  was  found  that  within  2  h  of 
reduction  95%  of  the  initial  conductivity  is  restored  and  after  12.5  h 
100%  of  conductivity  is  restored.  All  redox  cycles  have  led  to  fully 
reproducible  conductivity  values  and  reached  nearly  steady-state 
under  the  given  experimental  conditions.  After  6  cycles  the  ini¬ 
tial  conductivity  could  be  recovered,  which  proves  that  the  overall 
redox-stability  of  this  material  is  very  good. 

Fig.  1 1  represents  a  comparison  of  the  redox-kinetics  of  LST27 
(with  Ti02  secondary  phases)  and  LST27-04  (single  phase).  The  pres¬ 
ence  of  the  secondary  phases  and  large  grains  in  the  material 
remarkably  slows  down  the  overall  reaction  kinetics  upon  a  change 


Time  /  h 

Fig.  11.  Comparison  of  a  single  redox  cycle  for  LST27  (containing  secondary  phases) 
and  LST27_o4  ( single  phase).  Both  cycles  were  performed  at  980 0  C.  Initial  conductivity 
was  restored  after  12.5  h  for  LST27.04  and  after  70  h  for  LST27. 
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Fig.  12.  A  schematic  illustration  of  the  phase  formations  with  the  two  synthesis 
routes  (SSR  and  NSP).  Note  that  the  use  of  nanoparticles  in  NSP  leads  to  shorter 
diffusion  path  lengths  which  is  important  for  the  synthesis  of  a  phase  pure  LST 
powder.  Legend:  P,  desired  perovskite  phase;  S,  secondary  phase;  Px,  perovskite 
phase  with  slightly  deviating  stoichiometry. 

of  oxygen  partial  pressure.  The  single  phase  material  shows  at  least 
6  times  faster  response  to  both  oxidizing  and  reducing  atmosphere. 
Thereby  with  the  single  phase  materials  a  higher  conductivity  could 
be  achieved  within  much  shorter  reaction  period  after  reoxidation. 

4.  Discussion 

4. I.  Comparison  of  La02Sr0jTiO3-productions  with  solid  state 
reaction  (SSR)  and  with  spray  pyrolysis  (NSP)  techniques 

In  the  XRD  results  presented  in  Fig.  2  it  can  be  observed,  that 
LST27  from  SSR  decomposes  at  temperatures  higher  than  1300  °C, 
which  leads  to  relatively  high  amounts  of  secondary  phases  com¬ 
pared  to  the  LSTssr  that  was  calcined  at  1200°C.  However,  the 
powder  calcined  at  1200°C  does  not  show  a  well  crystalline 
Lao.2Sro.7Ti03  phase.  From  these  observations  it  can  be  concluded 
that  the  diffusion  kinetics  of  La  and  Sr  into  the  titanate  lat¬ 
tice  is  too  slow  at  1200°C  for  an  efficient  phase  formation  (see 
Fig.  12).  In  order  to  increase  the  diffusion  kinetics  the  temperature 
has  to  be  raised  to  1300  °C  or  even  higher.  But  this  tempera¬ 
ture  rise  leads  again  to  additional  problems  related  to  secondary 
phases— presumably  because  the  decomposed  phase  (mainly  Ti02 ) 
blocks  the  diffusion  of  La  and  Sr  into  the  perovskite  structure. 

Thus,  in  order  to  obtain  a  phase  pure  LST  powder  with  the  SSR 
technique,  significantly  longer  annealing  times  of  a  fine  submicron 
powder  at  temperatures  lower  than  1 300  °C  are  required.  However, 
longer  annealing  times  lead  to  coarser  grains  and  therefore  grinding 
and  annealing  in  a  repetitive  procedure  as  reported  in  the  literature 
[31  ]  has  to  be  carried  out  in  order  to  achieve  a  phase  pure  and  fine 
grained  LST  powder.  Such  a  time  consuming  and  costly  procedure 
limits  the  suitability  of  the  SSR  technique  and  makes  it  inefficient 
for  the  production  of  larger  LST  batches,  which  are  required  for 
practical  applications  such  as  electrode  fabrication  for  SOFCs. 

In  contrast  to  the  SSR  technique,  LST  powders  with  a  lower 
amount  of  secondary  phases  or  even  phase  pure  powders  could 
be  prepared  with  the  NSP  technique.  Very  short  annealing  times 
of  5-1  Oh  and  much  lower  temperatures  of  1250°C  are  necessary 
to  form  a  single  phase  La0.2Sr0.7TiO3  powder  due  to  much  shorter 
reaction  pathways,  as  it  is  schematically  shown  in  Fig.  12  for  the 
NSP  route.  This  effect  is  attributed  to  the  presence  of  nano-range 
Ti02  particles  that  are  still  present  after  the  pre-calcination  step. 
The  preservation  of  nano-scale  rutile  and  associated  short  diffu¬ 
sion  path  length  thus  seems  to  be  crucial  for  the  synthesis  of  single 
phase  La0.2Sr0.7TiO3. 

When  comparing  the  XRD  results  from  different  productions, 
identical  lattice  parameters  are  considered  as  an  indicator  for  the 


similarity  of  understoichiometric  and  A-site  deficiency.  Table  4 
summarizes  the  lattice  parameters  of  the  aimed  Lao.2Sro.7Ti03  and 
the  corresponding  information  about  the  production  routes  from 
LST  investigations  reported  in  literature.  Overall,  the  lattice  param¬ 
eters  from  successful  SSR  productions  in  literature  are  very  similar 
as  the  ones  obtained  in  this  study  by  means  of  the  NSP  technique. 
However,  with  the  NSP-method  already  a  phase  pure  LST  powder 
can  be  obtained  at  relatively  low  calcination  temperatures  of  only 
1250°C.  The  corresponding  XRD  patterns  were  refined  as  a  cubic 
Pm-3m  structure  (2  21)  and  they  exhibit  the  perovskite  structure 
similar  to  the  standard  XRD  pattern  of  undoped  SrTi03  (JCPDS  card 
No.  86-179).  With  increasing  calcination  temperature  the  cubic 
lattice  parameter  tends  to  decrease  slightly.  Those  lattice  param¬ 
eters  obtained  from  the  NSP-produced  LST  correspond  well  to  the 
available  literature  data  of  La0.2Sr0.7TiO3  as  shown  in  Table  4.  It 
is  worth  to  mention  that  with  the  SSR  production  single-phase 
materials  can  only  be  obtained  by  a  repetitive  grinding-annealing 
procedure,  while  in  the  present  study  phase  pure  La0.2Sr0.7TiO3 
powders  can  be  obtained  after  a  single  calcination  step  with  the 
NSP-technique.  This  simplifies  the  entire  powder  processing  and 
significantly  reduces  the  costs  of  production  and  enables  the  effi¬ 
cient  synthesis  of  larger  LST  batches. 

Spray  pyrolysis  is  a  long  time  established  method  for  complex 
multi-elemental  ceramics  and  is  an  easily  up-scalable  process.  The 
largest  batch  of  LST  produced  via  NSP  for  this  in  house  research 
activity  was  2  kg  within  one  day,  but  can  be  more  than  dou¬ 
bled  if  necessary.  That  powder  quantities  are  already  far  beyond  a 
typical  laboratory  approach  for  ceramic  oxide  production.  The  lim¬ 
itations  of  NSP  daily  productions  are  primarily  caused  by  the  size 
of  employed  spray  pyrolysis  setup  (i.e.  size  of  the  chamber,  uni¬ 
formity  of  the  temperature  regimes)  and  the  necessity  of  further 
temperature  treatment  application. 


4.2.  Influence  of  Sr  enrichment  on  the  phase  stability  ofLST27 

As  shown  by  XRD  (see  Fig.  4)  the  understoichiometric  LST27 
shows  a  limited  stability  at  elevated  temperatures  (>1300  °C). 
Similar  to  observations  made  on  some  other  understoichiometric 
compositions  [33,34]  this  material  tends  to  undergo  a  liquid  phase 
sintering,  whereby  an  intergranular  Ti02  phase  is  formed  (see  SEM 
images  in  Fig.  5).  A  better  phase  stability  and  a  lower  tendency  to 
form  secondary  phases  at  temperatures  >1300  °C  could  be  achieved 
with  a  slight  enrichment  of  the  Sr  content  of  about  0.04-0.06  mol% 
(Lao.2Sr0.7+axTi03+(5,  Batches  LST27_04  and  LST27_06).The  careful  anal¬ 
ysis  of  XRD-diffractograms  indicates  that  the  appearance  of  titania 
as  a  secondary  phase  is  depending  on  temperature  as  well  as  on  the 
strontium  content.  The  relation  between  the  strontium  content  and 
the  calcination  temperature  at  which  the  corresponding  LST  com¬ 
position  could  be  processed  as  a  single  phase  material  is  illustrated 
in  Fig.  13.  As  discussed  above,  the  relatively  large  diffusion  path 
lengths  in  the  particles,  present  in  the  SSR  production,  require  fir¬ 
ing  temperatures  above  1300  °C,  which  result  in  the  formation  of 
secondary  phases  (La2Ti207  and  Ti02).  The  data  in  Fig.  13  indicate 
that  a  slight  increase  of  the  Sr-content  will  stabilize  the  understoi¬ 
chiometric  LST  at  elevated  temperatures.  This  effect  is  particularly 
important  for  the  SSR-production  route,  which  requires  higher  fir¬ 
ing  and  calcination  temperatures  than  the  NSP-technique. 

The  XRD-patterns  (Figs.  2, 4  and  7)  and  the  corresponding  SEM 
images  (Fig.  5)  document  that  the  sintering  of  understoichiomet¬ 
ric  LST  tends  to  undergo  intensive  grain  growth  and  formation  of 
a  secondary  Ti02  phase.  Hence,  it  appears  that  a  Ti-rich  phase  is 
preferably  exsolved  from  deficient  LST-perovskites.  The  findings 
of  our  study  on  the  stability  of  A-site  deficient  (La,Sr)Ti03  are  in 
agreement  with  previous  investigations  that  can  be  summarized 
as  follows: 
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Table  4 

Summary  of  lattice  parameters  for  LST27  powders  produced  with  the  SSR  technique  from  literature  and  comparison  with  XRD-data  from  LST27  produced  with  the  NSP 
technique  (this  study). 


Synthesis  route 

Firing  temp.  (°C) 

Dwelling  time  [h] 

Lattice  parameter,  a  (A) 

Ref. 

SSR 

1400 

4,  multi-step 

3.897 

[34] 

SSR 

1400 

10,  multi-step 

3.8973 

[35] 

SSR 

1440 

24,  multi-step 

3.9014 

[24] 

SSR 

1450 

12,  multi-step 

3.8959 

[15] 

NSP 

1250 

5,  single-step 

3.903(6) 

This  work 

NSP 

1310 

10,  single-step 

3.900(6) 

This  work 

NSP 

1350 

10,  single-step 

3.897(4) 

This  work 

Note :  Multi-step  =  repeated  grinding  and  annealing;  single-step  =  single  calcination  step. 


(I)  The  undoped  SrTi03  is  unlikely  to  exist  as  a  highly  deficient  sin¬ 
gle  phase  perovskite  in  oxidizing  atmospheres.  It  was  shown 
[40-44]  that  the  maximum  deficiency  of  Sr  in  phase  pure 
SrTi03  is  lower  than  0.02  mol%. 

(II)  The  stability  of  A-site  deficient  strontium  titanate  is  increased 
by  addition  of  La  as  a  donor  dopant  [32-34]. 

(III)  A  slight  strontium  enrichment  of  about  0.01  in  the  nominal 
formula  reduces  the  tendency  for  liquid  phase  sintering  in  defi¬ 
cient  lanthanum  doped  SrTi03  [33,34].  In  order  to  stabilize  the 
perovskite  structure,  approximately  2  mol%  of  La  is  needed 
to  compensate  1  mol%  of  Sr  vacancies  and  excess  of  titania, 
respectively. 

The  formation  of  A-site  deficient  lanthanum  strontium  titanate 
can  be  described  as  a  solution  of  La2/3Ti03  in  SrTi03.  The  x  variable 
represents  the  actual  strontium  content: 

(1  -y)SrxTi03  +  yLa2/3V1/3Ti03 

La(2/3)ySrX(i_y)V(1/3)yTi03;  V :  vacancy.  (9) 

Since  the  maximum  deficiency  of  SrTi03  is  lower  than  0.02  mol%,  it 
follows  that  xmin  is  0.99.  To  introduce  20  mol%  of  La  (for  composition 
Lao.2Sro.7Ti03 )  and  1 0  mol%  of  vacancies  the  “y”  will  be  equal  to  0.3 : 

L3o.2Srx0.7Vi_o.2-xo.7Ti03  ->  La0.2Sr0.693Vo.io7Ti03.  (10) 

If  this  composition  is  fired  at  temperatures  below  1290°C  the 
maximum  amount  of  Sr-vacancies  is  0.107  on  the  A-site.  The  dif¬ 
ference  between  the  actual  strontium  content  and  the  deficiency 
limit  of  xmjn  =  0.99  represents  the  number  of  moles  which  will  the¬ 
oretically  be  exsolved  as  free  titania.  The  understoichiometric  LST 
compositions  are  on  the  miscibility  limit  of  the  cation  vacancies. 
As  a  consequence,  small  compositional  variations  in  the  perovskite 
material  such  as  locally  concentrated  titania  or  locally  depleted  La 


Strontium  content  /  mol  % 

Fig.  13.  Phase  stability  as  indicated  from  XRD-data  as  a  function  of  firing  tem¬ 
perature  and  strontium  content.  Note  that  the  stability  of  the  stoichiometric 
Lao.2Sr0.8Ti03  composition  (Sr  content  of  0.8)  is  known  from  ongoing  studies  (unpub¬ 
lished  data).  ^Firing  temperatures  of  samples  from  which  XRD  was  collected  at  room 
temperature. 


and  Sr  may  induce  phase  segregation.  The  XRD  results  indicate  that 
in  LST27  this  process  occurs  preferably  at  temperatures  higher  than 
1290°C.  In  literature  it  is  described  that  such  slight  compositional 
variations  may  occur  in  the  as-prepared  powders  due  to  physical 
phenomena  that  take  place  during  the  pyrolysis  [45-47].  Thereby, 
it  is  highly  probable  that  strontium,  which  has  a  rather  low  sol¬ 
ubility  in  the  used  solvents,  will  precipitate  on  the  outer  surface 
of  aerosol  droplets  [48,49]  or  on  the  titania  particles,  due  to  their 
high  surface  energy  [50-53].  Based  on  these  considerations  it  can 
be  argued  that  the  addition  of  small  amounts  of  Sr  efficiently  pre¬ 
vents  the  formation  of  free  Ti02  and  thus  enhances  the  stability  at 
higher  temperatures. 

4.3.  Electronic  properties  ofLa0.2Sro.704Ti03  (LST27+ax  with  slight 
enrichment  of  Sr) 

As  explained  in  Section  1,  the  performance  of  understoichio¬ 
metric  lanthanum  strontium  titanates  is  driven  by  the  change  of 
oxidation  state  from  Ti4+  toTi3+  upon  reduction  and  by  the  cor¬ 
responding  defect  chemistry  (see  Eqs.  (1),  (2),  (7)  and  (8)).  The 
concentration  of  reduced  Ti3+  and  the  associated  conductivity 
are  strongly  influenced  by  the  reduction  conditions  (see  Fig.  8). 
For  example,  for  Lao.2Sr704Ti03a  relatively  high  conductivity  of 
71Scm-1  (at  930  °C  Toperating)  could  be  achieved  for  TRED  of 
1430  °C,  whereas  a  TRED  of  only  980  °C  resulted  in  a  significantly 
lower  conductivity  of  16Scm_1  (at  930 °C  T0 pERating)-  Further¬ 
more  it  was  observed  that  Lao.2Sr7o4Ti03+(5  is  reacting  relatively 
fast  upon  a  change  of  p02  as  it  observed  during  redox  cycling  in 
Fig.  10.  Hence,  the  electrical  conductivity  and  the  redox  kinetics 
of  understoichiometric  LST,  as  documented  in  the  present  study, 
differ  significantly  from  the  corresponding  properties  of  stoichio¬ 
metric  Lao.2Sr0.8Ti03+(5.  For  the  latter,  stoichiometric  material  slow 
redox  kinetics  and  significantly  lower  conductivities  are  described 
in  literature  [13]. 

It  can  be  assumed  that  these  materials  properties  of  the  different 
LST-types  are  strongly  related  to  their  distinct  defect  chemistries. 
The  expected  defect  chemistry  of  Lao.2Sro.704Ti03+(5  under  oxidizing 
conditions  can  be  described  as  follows: 

0.2LaSr#  +  0.704S4  +  0.096VSr##  +  Ti^  +  30x0  +  0.004 O".  (11) 

According  to  Eqs.  (7)  and  (8),  the  excess  charge  from  triva- 
lent  lanthanum  in  understoichiometric  LST  is  fully  compensated 
by  the  formation  of  strontium  vacancies  and  does  not  include 
Ti-reduction.  Since  the  small  concentration  of  interstitial  oxygen 
(0.0040";)  can  be  neglected,  the  concentration  of  Ti3+  is  then 
mainly  related  to  the  oxygen  removal  from  the  perovskite  lat¬ 
tice  which  takes  place  under  reducing  conditions.  As  proposed 
by  Hui  et  al.  the  A-site  vacancies  have  a  strong  influence  on  the 
reduction  kinetics  by  weakening  the  Ti-O-Ti  bond  strength  within 
the  Ti06  octahedra  that  are  localized  around  these  vacancies  [25]. 
Hence,  the  concentration  of  Ti3+  and  the  corresponding  conduc¬ 
tivity  are  not  directly  influenced  by  the  concentration  of  donor 
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dopants.  However,  the  lanthanum  doping  and  the  associated  pres¬ 
ence  of  strontium  vacancies  enhance  the  conductivity  in  an  indirect 
way,  namely  by  distortion  effects  in  the  perovskite  lattice.  A  large 
number  of  strontium  vacancies  will  thus  lead  to  enhanced  oxygen 
removal  and  associated  higher  Ti-reduction  and  conductivity,  what 
is  supported  by  the  findings  of  previous  investigations  independent 
from  the  production  route.  For  example  Savaniu  [15]  reported  a 
fast  reduction  kinetics  for  phase  pure  Lao.2Sro.7Ti03+(5,  which  was 
prepared  by  SSR  on  a  small  laboratory  scale. 

In  contrast  to  some  studies  in  literature,  from  our  investiga¬ 
tions  there  is  no  evidence  for  extended  oxygen  defects  (i.e.  linear 
defects  or  layered  crystal  rearrangements)  in  the  understoichio- 
metric  LST27-04.  Firstly,  the  cubic  lattice  parameter  “a”  presented 
in  Fig.  9  (bottom)  shows  a  continuous  lattice  expansion  upon 
the  increase  of  the  reduction  temperature.  This  phenomenon  is 
undoubtedly  the  result  of  the  valence  change  on  the  B-site  and  of 
the  associated  change  in  ionic  radii  (Ti4+  =  0.68  A,  Ti3+  =  0.81  A  [54], 
for  a  8-fold  coordination).  Secondly,  the  data  from  thermogravime¬ 
try  ofLa0.2Sro.704Ti03+5  (Tred  1430  °C)  show  a  mass  increase  during 
re-oxidation  of  0.81%.  According  to  Eq.  (1)  the  amount  of  trivalent 
titanium,  necessary  to  compensate  the  charges  involved  with  the 
measured  oxygen  removal  under  reducing  conditions  can  be  deter¬ 
mined,  which  is  approximately  17-18%  of  the  total  titanium.  This 
indirectly  measured  concentration  of  Ti3+  is  very  close  to  the  nomi¬ 
nal  La-doping  level  of  20  mol%.  Hence,  in  contrast  to  La0.2Sr0.8TiO3, 
the  vacancy  compensation  mechanism  of  understoichiometric  LST 
does  not  necessitate  the  formation  of  extended  oxygen  defects. 
In  stoichiometric  LST  these  extended  defects  strongly  interrupt 
the  electron  hopping  mechanism  between  adjacent  B-site  ions. 
The  absence  of  those  defects  in  the  understoichiometric  LST  may 
explain  why  the  electrical  performance  of  LST27-04  is  remarkably 
higher  than  in  the  stoichiometric  LST. 

4.4.  Electronic  properties  ofLao2Sr0jTi03 

As  displayed  in  Fig.  6,  the  increase  of  the  sintering  temperature 
in  air  leads  to  a  drop  of  conductivity  in  LST27.  Correspondingly,  for¬ 
mation  of  interstitial  secondary  phases  is  observed  by  SEM  (see 
Fig.  4d  and  e)  at  temperatures  above  1300  °C.  The  presence  of  these 
secondary  phases  cannot  easily  be  taken  as  an  explanation  for  the 
observed  drop  in  conductivity,  since  the  LST  matrix  forms  a  per¬ 
colating  network,  where  the  electrical  current  is  not  significantly 
hindered  by  the  interstitial  grains.  Nevertheless,  the  XRD-analyses 
confirm  that  there  is  a  correlation  between  the  formation  of  sec¬ 
ondary  phases  and  the  decrease  of  conductivity.  At  the  same  time 
slow  oxygen  migration  for  Ti02  containing  phases  can  be  assumed 
based  on  the  slow  redox  kinetics,  which  was  observed  in  sam¬ 
ples  with  secondary  titania.  The  formation  of  secondary  phases 
may  thus  induce  several  overlapping  and  interfering  effects  on  the 
macroscopic  material  properties,  as  discussed  in  the  following. 

The  exsolution  of  Ti  from  the  B-site  leads  to  a  change  of  the 
nominal  stoichiometry  towards  LST  compositions  with  lower  defi¬ 
ciency: 

LaxSr1_1>5xTi03+(5  — >PLax(1+y)Sr(1_1 .5x)(1+y)Ti(1-y)03+o.5xy  +yTi02. 

(12) 

Hence,  the  exsolution  of  a  Ti-rich  secondary  phase  results  in  a 
higher  La  content,  which  may  induce  a  change  of  the  charge  com¬ 
pensation  mechanism  and  associated  materials  properties  such  as 
the  redox  kinetics.  It  was  reported  that  for  LST  with  high  La  con¬ 
tents  above  20  mol%  a  lower  p02  atmosphere  is  required  in  order 
to  obtain  the  same  conductivity  which  is  otherwise  obtained  for 
LST  with  lower  La  contents  [8,24,55].  The  change  of  the  nominal 
composition  thus  might  contribute  to  the  observed  decrease  of 
conductivity  associated  with  the  formation  of  secondary  phases. 


In  summary  the  results  illustrate  that  the  bulk  properties  of  LST- 
samples  may  be  affected  significantly  by  even  minor  contents  of 
secondary  phases.  It  is  thus  assumed  that  the  stoichiometry  of  the 
LST  and  the  defect  structures  are  influenced  by  secondary  phase  for¬ 
mation.  Consequently  a  careful  evaluation  of  the  crystal  structure 
and  of  the  phase  stability  is  very  important  in  order  to  guarantee 
reproducible  and  high  quality  material  properties. 

5.  Conclusions 

It  is  shown  that  a  modified  spray  pyrolysis  process,  denoted 
as  nanoparticle  based  spray  pyrolysis  is  a  suitable  and  versa¬ 
tile  technique  for  medium  to  large  scale  production  for  phase 
pure  lanthanum  doped  strontium  titanate  powders.  A-site  defi¬ 
cient  La0.2Sr0.7TiO3  was  successfully  produced  from  a  mixture  of 
colloidal  titania  and  nitrate  salts.  Such  a  process  is  a  low-cost 
powder  production  technique,  which  overcomes  the  drawbacks  of 
high  temperature  calcination  and  long  dwelling  time  necessary  to 
achieve  the  single  phase  material.  Lower  temperatures  of  single 
phase  perovskite  formation  than  those  typically  used  for  the  solid 
state  reaction  route  are  attributed  to  the  presence  of  nano-scale 
titania  particles  in  the  precursor. 

The  current  investigation  shows  that  LST  with  the  stoichiometry 
ofLa0.2Sr0.7TiO3  has  limited  phase  stability  at  temperatures  above 
1290°C.  Marginal  Sr-addition  of  about  0.02  (La0.2Sr0.704TiO3+5)  to 
0.03  (La0.2Sr0.706TiO3+5)  per  formula  unit  significantly  enhances  the 
phase  stability  for  temperatures  up  to  1 500  °C.  Limited  solubility  of 
excessive  Ti02  in  SrTi03  is  identified  as  a  critical  factor,  because 
the  formation  of  secondary  phases  strongly  affects  the  electrical 
conductivity  and  the  redox-behaviour. 

Conductivities  of  air  sintered  LST  illustrate  that  deficient  LST  can 
be  applied  for  intermediate  and  high  temperature  fuel  cells  due 
to  its  n-type  conductivity.  A  material  preparation  under  moderate 
reducing  atmosphere  (p02  =  10-21 )  at  980  °C  has  provided  conduc¬ 
tivity  values  as  high  as  24 Son-1  at  930 °C.  Progressive  harsher 
pre-reduction  conditions  for  1  h  at  1100°C  and  1200°C  resulted 
in  much  higher  conductivities.  A  reductive  sintering  at  1430  °C 
gave  a  rise  to  impressive  conductivity  of  71  Scnrr1  at  930  °C  and 
600  S  cm-1  at  600  °C.  Air-sintered  La0.2Sr0.704TiO3+5  have  shown 
fully  reproducible  conductivity  values  within  12  h  and  can  be  con¬ 
sidered  as  potential  redox  stable  material.  Simultaneously,  the 
oxygen  reduction  kinetics  of  deficient  titanate  was  found  to  be  very 
sensitive  to  minor  secondary  phase  contents.  The  reason  for  this 
needs  detailed  study. 
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